In the otherwise highly conserved NMR structures of cellular prion proteins (PrP C ) from different mammals, species variations in a surface epitope that includes a loop linking a β-strand, β2, with a helix, α2, are associated with NMR manifestations of a dynamic equilibrium between locally different conformations. Here, it is shown that this local dynamic conformational polymorphism in mouse PrP C is eliminated through exchange of Tyr169 by Ala or Gly, but is preserved after exchange of Tyr 169 with Phe. NMR structure determinations of designed variants of mouse PrP(121-231) at 20°C and of wild-type mPrP(121-231) at 37°C together with analysis of exchange effects on NMR signals then resulted in the identification of the two limiting structures involved in this local conformational exchange in wild-type mouse PrP C , and showed that the two exchanging structures present characteristically different solvent-exposed epitopes near the β2-α2 loop. The structural data presented in this paper provided a platform for currently ongoing, rationally designed experiments with transgenic laboratory animals for renewed attempts to unravel the so far elusive physiological function of the cellular prion protein.
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prion disease | protein structure | protein dynamics | transmissible spongiform encephalopathy T he prion protein (PrP) in its cellular isoform (PrP C ), which is found in healthy mammalian organisms, is among the most extensively studied proteins. Nonetheless, the physiological function of PrP C and its role in the molecular pathways leading to degeneration of the brain in patients suffering from transmissible spongiform encephalopathies still remain elusive (for example, refs. 1-3).
The NMR solution structure of the recombinant mouse prion protein (4, 5) has the same molecular architecture as the protein part of PrP C present in healthy organisms (6) . It contains a flexibly disordered N-terminal tail of residues 23-124, a globular domain of residues 125-228 with three α-helices and a short twostranded antiparallel β-sheet, and a short C-terminal tail of residues 229-231 (5) [see Schätzl et al. (7) for the numeration of PrPs from different species]. The globular domain in the NMR structures of recombinant PrPs from different mammalian species is highly similar, except for local structure variability in a surface epitope formed in part by a loop of residues 166-172 that connects the strand β2 with the helix α2 (4, (8) (9) (10) (11) (12) (13) (14) (15) (16) . This polypeptide segment and its immediate spatial environment also show numerous amino acid exchanges among mammals (17) (18) (19) , which contrasts with the overall high sequence conservation in the globular domain of mammalian PrPs (7). The β2-α2 loop is structurally disordered in the NMR structures of numerous mammalian prion proteins determined at 20°C (4, 9-11), but is well defined in the NMR structures of PrP C from elk, bank vole, horse, wallaby, and rabbit determined under similar conditions (12) (13) (14) (15) (16) . This structural disorder is associated with the absence of resonances from residues 167-171 from the β2-α2 loop and residue 175 in the 2D ½ 15 N; 1 H-HSQC spectra suggesting the presence of a local conformational exchange process.
The present paper elucidates a structural basis for rationalizing the behavior of the surface epitope formed by the β2-α2 loop and the helix α3 in wild-type mouse PrP C , based on NMR structure determinations of two newly designed variants of mPrP(121-231) at 20°C and of wild-type mPrP(121-231) at 37°C. It is thus shown that the β2-α2 loop structure in mPrP C manifests exchange between just two locally different conformations, and both limiting structures involved in this conformational exchange are identified by combining structural data on wild-type and variant mPrP (121-231) [ (Fig. 1B) , similar to wild-type mPrP(121-231) (Fig. 1C) . Hence, either tyrosine or phenylalanine in position 169 maintains an NMR-observable dynamic local polymorphism in mouse PrP C , with conformational exchange at intermediate rates on the chemical-shift frequency timescale, whereas there is no evidence in the NMR data for this conformational polymorphism after substitution of the aromatic residue in position 169 by glycine or alanine. Based on these observations, we determined NMR structures for the two variants of mPrP(121-231) containing replacements of Y169 with Gly or Ala, respectively, as well as the NMR structure of mPrP(121-231) at 37°C. For both proteins, nearly complete backbone and side-chain NMR assignments were obtained (for details, see deposits 17081 and 17087 at www.bmrb.wisc.edu), using standard techniques for uniformly 13 C, 15 N-labeled proteins (20 terminate with 3 10 -helical turns of three to four residues. Within this conserved structural scaffold, the β2-α2 loop (located below the number 172 in the two structures shown in Fig. 2 A and B) adopts a different structure from that seen in all other PrP C s studied so far, with the residues 167-170 forming a type I β-turn ( Fig. 3) (27, 28) .
NMR Structure of Wild-Type mPrP(121-231) at 37°C. An NMR structure determination of wild-type mPrP(121-231) was pursued under conditions where the amide proton NMR signals of all β2-α2 loop residues are observable (see Fig. 1C ). Tests of the stability of a 1.5 mM NMR sample of ½u-15 N-mPrP (121-231) in 10 mM sodium acetate buffer, pH 4.5, at variable temperature by monitoring the signal intensities in 1D 1 H NMR spectra showed that at 37°C there was a loss due to deterioration of the protein solution of only about 5% after 4 d. We therefore recorded each of three 3D heteronuclear-resolved ½ 1 H; 1 H-NOESY spectra with a freshly prepared 1.5 mM solution of uniformly 13 C, 15 N-labeled mPrP(121-231) at 37°C. A 3D 15 N-resolved ½ 1 H; 1 H-NOESY dataset recorded at 500 MHz, where the lower 1 H resonance frequency was chosen to obtain narrower line widths, yielded NOE cross-peaks with the amide protons of all the β2-α2 loop residues. Based on nearly complete resonance assignments (deposit 17174 at www.bmrb.wisc.edu), the NMR structure was determined ( Table 1) .
The globular fold of mPrP(121-231) at 37°C (Fig. 2C ) is closely similar to that of mPrP(121-231) at 20°C (4, 12) and the structures in Fig. 2 A and B, with an antiparallel two-stranded β-sheet of residues 128-131 and 161-164, three α-helices comprising the residues 144-153, 172-190, and 200-227, and 3 10 -helical turns formed by the residues following the helices α1 and α2 (Fig. 2C) . The β2-α2 loop structure includes a well-defined 3 10 -helical turn for residues 166-169, which is different from both the loop structure in the variant proteins of Fig. 2 A and B, and the structurally disordered loop in the mPrP(121-231) structure at 20°C (4, 12) .
Survey of β2-α2 Loop Conformations in NMR Structures of Mammalian PrP C s. In this section, we compare the conformations of the polypeptide segment 165-175 in NMR structures of recombinant mammalian PrP C s and designed variants of mPrP C ( Fig. 3 and Fig. S2 ). Using the standard criteria implemented in the program MOLMOL (29), we searched these structures for regular secondary structure elements and the presence of hydrogen bonds, and we evaluated the deviations of the 13 C α chemical shifts from the random coil values, Δ 13 C α , for the individual residues.
In all NOE-based NMR structures of PrP C s that contain Tyr in position 169 and show a well-defined β2-α2 loop, the residues 166-169 form a 3 10 -helical turn, with hydrogen bonds H N ∕H ε 168-O165 and H N 169-O166 (Fig. 3 B-F) . The 3 10 -helical turn is also manifested by a typical pattern of Δ 13 C α values, with a large positive Δ 13 C α value for Val166 and smaller positive Δ 13 C α values for the residues 167 and 168. This loop conformation is observed in the wild-type mPrP(121-231) structure at 37°C (Fig. 3B ) and in all PrP C s that show a well-structured β2-α2 loop The rmsds were calculated relative to the mean coordinates for the bundle of 20 conformers. bb indicates the backbone atoms N, C α , C′; ha stands for "all heavy atoms." The numbers in parentheses indicate the residues for which the rmsd values were calculated.
at 20°C, including the wild-type proteins of elk, bank vole, wallaby, and horse ( Fig. 3 C-F and Fig. S2 ) (12) (13) (14) (15) . Because the 13 C α NMR signals of all β2-α2 loop residues except Asp167 are observable in mPrP(121-231) also at 20°C, and the measured Δ 13 C α values are the weighted average over the Δ 13 C α values of all the conformers involved in the exchange process that leads to line broadening of amide group signals ( Fig. 1 B and C) , the pattern of Δ 13 C α values in Fig. 3A implies that a 3 10 -helical turn is the dominantly populated β2-α2 loop conformation also in mPrP (121-231) at 20°C.
The type I β-turn conformation of the β2-α2 loop observed in the NMR structures of mPrP[Y169A](121-231) and mPrP [Y169G](121-231) (Fig. 2 A and B) , with hydrogen bonds H N 167-O γ 170 and H N 170-O167 (Fig. 3 G and H) , has so far only been observed in mPrP C variants with glycine or alanine in position 169. The Δ 13 C α values show a different pattern from that observed for the 3 10 -helical turn, with residue 168 having a large positive Δ 13 C α value, residue 166 a somewhat smaller positive value, and residue 167 a value near zero. mPrP(121-231) upon raising the temperature suggest that each amide resonance is the average of multiple conformers that interconvert rapidly relative to their chemical-shift difference. The line shapes of NMR signals averaged by conformational exchange depend on the exchange rate constant, k; the populations of the exchanging states; and the difference between the chemical shifts (in frequency units) in the exchanging structures, Δν. The results described in the following reveal that the NMR data for wild-type mouse PrP C can be explained by exchange between two structurally characterized conformers, A and B, with populations p A and p B , and k ≫ Δν. The contribution from the conformational exchange to the observed line widths at half height, Δν 1∕2 , then is
where Δν 1∕2 and Δν are given in Hz, and k is in s −1 (30, 31) . For a common set of k, p A and p B values, the NMR signals of the individual exchanging residues may be differently broadened, due to different Δν values (32) . Consistent with the prediction of Eq. 1 that the line broadening is enhanced at increasing spectrometer field because of increasing Δν, broader lines were observed for the loop residues at 750 MHz than at 500 MHz (Fig. S3A) . For this reason, we measured the 15 N-resolved ½ 1 H; 1 H-NOESY used for the structure determination of mPrP(121-231) at 500 MHz (Fig. S3B) . Based on Eq. 1, the experimental evidence supports that the NMR line broadening of β2-α2 loop residues in wild-type mPrP C is due to exchange between two conformations that contain, respectively, the 3 10 -helix or the type I β-turn loop structure (Fig. 3) . Thus, the residues 170, 171, and 175, which show the largest amide proton chemical-shift differences, Δνð 1 HÞ, between the two limiting conformations, which are represented here by the chemical shifts at 40°C of wild-type mPrP(121-231) and the designed variant mPrP[Y169A](121-231), respectively, also show the largest line-broadening effects along ω 2 ð 1 HÞ, Δν 1∕2 ð 1 HÞ, in mPrP(121-231) (Fig. 4 A and B) , whereas there is no exchange line broadening for these residues in mPrP[Y169A](121-231) (Fig. 4C) . A similar qualitative correlation is seen for residues 167 and 171, which show large 15 N chemical-shift differences, Δνð 15 NÞ, and large line broadening along ω 1 ð 15 NÞ) in mPrP (121-231) (Fig. S4) (Fig. 4D) . The data points for residues 166, 168, and 172-174 (Fig. 4 A-C and Fig. S3 ) would also fall on the linear regression curve of Fig. 4D , near its origin at Δν 2 ¼ 0 and Δν 1∕2 ¼ 0.
Estimates for the values of the parameters p A , p B and k in Eq. 1 resulted from the following considerations: The slope of the linear regression curve in Fig. 4D corresponds to a value of 9;000 s −1 for the product k∕ð2π · p A · p B Þ in Eq. 1. Using some simplifying assumptions for the experimental determination of Δν and considering that the largest possible value of the product p A · p B is 0.25, k ≤ 14;000 s −1 is obtained as an estimate for the upper limit of the exchange rate constant. A more conservative treatment indicates a limiting value of k ≤ 56;000 s −1 (see SI Text). A lower limit of k ¼ 800 s −1 has been derived from the fact that the largest Δν values affecting the exchange-averaged signals of the two conformations were about 800 Hz at the 1 H resonance frequency of 750 MHz used for these measurements (Fig. 4A) . The corresponding lower limit for the population of the minor species is p B ¼ 0.014.
In conclusion, the data presented in the preceding sections lead to the following description of the conformational state of wild-type mouse PrP(121-231) in solution: mPrP C forms two locally different and widely unequally populated structures. The more abundant species contains a 3 10 -helix structure of the β2-α2 loop and its population is above 90%, and the lesser populated species includes a type I β-turn structure of the β2-α2 loop. Over the temperature range of 20-40°C the two structures exchange at intermediate rates on the chemical-shift timescale, as manifested in the signal line shapes of the NMR spectrum (Fig. 1C) . The major structure involved in this exchange process on the millisecond to microsecond timescale represents an ensemble of rapidly exchanging conformers that all contain the 3 10 -helix loop struc- ture (Fig. 3B) , and the less populated structure represents a similar ensemble of conformers that all contain the type I β-turn structure of the loop (Fig. 3H ).
Biological Implications. A possible link between the data of Figs. 1-4 and physiological functions of the cellular prion protein resulted from a search of the database of all available prion protein amino acid sequences (see Materials and Methods), which showed that Tyr169 is strictly conserved in mammalian species. Although it maintains both the local exchange process in the β2-α2 loop of mPrP[Y169F](121-231) (Fig. 1B) and the overall stability of the PrP C fold, Phe169 is not encountered in mammalian PrPs. There is thus an indication that the hydroxyl group of tyrosine in position 169 has an essential role for the physiological function of mammalian prion proteins.
Comparison of mPrP(121-231) (Fig. 5A ) and mPrP[Y169A] (121-231) (Fig. 5B) shows that different amino acid side chains are exposed to the solvent in the two structures. Firstly, although the hydroxyl function of Ser170 is part of the surface epitope in the 3 10 -helix loop structure, it is buried in the protein interior in the type I β-turn conformation. Secondly, the side chain of residue 169 changes from a location in the 3 10 -helical loop structure, where it points toward the protein core, to a surface-exposed orientation in the β-turn conformation of the β2-α2 loop. Modeling studies based on replacing Ala169 in the structure of Fig. 5B by Tyr indicate that if the β2-α2 loop in mammalian mPrP C s takes on the type I β-turn conformation, the side chain of Tyr169 is exposed on the protein surface ( Fig. 5 C and D) . From combined analysis of the exchange broadening of the NMR signals (Figs. 1B and 4 A-D) and the 13 C α chemical shifts, and in particular from the fact that the patterns of 13 C α chemical shifts in the two forms of the β2-α2 loop are characteristically different (Fig. 3 and Fig. S2 ), we conclude that in wild-type mPrP C the 3 10 -helix conformation of the loop is the more abundant form, with estimated populations of ≥0.9 and ≤0.1 for the two locally different conformations (see also the preceding section and SI Text).
It will now be of keen interest to follow up on these structural studies with experiments using transgenic mice expressing variant mouse prion proteins that are devoid of the tyrosine hydroxyl group in position 169. In this context, one should also recall that earlier work advanced the suggestion, which has so far not been substantiated, that a surface epitope formed in part by the β2-α2 loop in PrP C might be a recognition site for effector molecules that would affect the transition from the cellular form of the prion protein to the disease-related, aggregated PrP Sc form (33, 34) . (20) recorded on a Bruker DRX500 spectrometer with cryogenic probehead. Three-dimensional 15 N-resolved ½ 1 H; 1 H-NOESY and 13 C-resolved ½ 1 H; 1 H-NOESY spectra were recorded on Bruker Avance900 and DRX750 spectrometers, using a mixing time of 60 ms, except that the 3D 15 N-resolved ½ 1 H; 1 H-NOESY data for mPrP(121-231) at 37°C was recorded at 500 MHz in order to reduce the exchange line broadening. Chemical shifts for mPrP(121-231) were referenced relative to internal 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), and for the other two proteins with a coaxial insert (Norell Inc.) containing DSS in NMR buffer, because of protein precipitation upon addition of DSS. The program CARA (37) (www.nmr.ch) was used for the analysis of the NMR spectra.
The temperature-dependence of 2D ½ 15 N; 1 H-HSQC spectra was measured at 750 MHz with 1 mM solutions of the 15 N-labeled proteins. Prior to Fourier transformation, the datasets were zero-filled to 16 k and 1 k points in the 1 H and 15 N dimensions, respectively, and linewidths were measured at half the height of the maximum signal intensity. The exchange contribution to the observed linewidths was estimated by subtracting the average linewidth determined from all signals excluding those deviating by one standard deviation from the mean value. These experiments were also used to measure the chemical shifts of mPrP(121-231) and mPrP[Y169A](121-231) at 40°C, which have been used in Fig. 4 and Fig. S4 . NMR Structure Calculation. The standard protocol of the stand-alone ATNOS/ CANDID program package (21, 22) , version 1.2, was used together with DYANA (23) for automatic peak picking, automatic NOE assignment, and structure calculation. The final cycle of the calculation was started with between 80 and 120 randomized conformers, and the 20 conformers with the lowest residual target function values were energy-minimized in a water shell with the program OPALp (24, 25) , using the AMBER force field (38) . The program MOLMOL (29) was used to analyze the results of the protein structure calculations, including regular secondary structure identification with the method of Kabsch and Sander (39) .
Database Search of Residue Types in the Sequence Position 169 of Mammalian Prion Proteins. Mammalian PrP sequences deposited as of December 2010 were analyzed to determine residue variations in position 169, using the UniProtKB (Protein Knowledgebase; www.uniprot.org) with the sequence of mPrP(1-254) as input. Nonmammalian PrP sequences as well as mammalian PrP sequence fragments that do not contain information on position 169 [according to the numeration used by Schätzl et al. (7)] were removed from the list, which finally contained 524 PrP sequences from 213 different mammalian species.
